In this paper, epoxy/SiO 2 hybrid coating was successfully prepared through sol-gel technique, the structure and thermal properties of epoxy/SiO 2 hybrid coating were investigated. First, g-isocyanatopropyltriethoxysilane (KBE-9007) was used to modify the epoxy resin so that the ethoxysilane could be grafted on the epoxy resin. Nano-SiO 2 precursor was synthesized by tetraethoxysilane(TEOS) through sol-gel technique. Then the modified epoxy resin and the nano-SiO 2 precursor were mixed for 4 hours to let the macromolecules of epoxy resin graft on the surface of nano-SiO 2 , and modified nano-SiO 2 precursor was obtained. At last, epoxy/SiO 2 hybrid coating was produced by using the modified nano-SiO 2 precursor. The graft reaction was confirmed by the analyses of FT-IR. The analyses of XPS indicated that there are lots of SiO 2 particles and Si-C covalent bonds on the surface of epoxy/SiO 2 hybrid coating, they also suggested that most TEOS had changed into SiO 2 particles and Si-C covalent bond had been formed between epoxy resin and SiO 2 . The analyses of SEM fracture surface image of epoxy/SiO 2 hybrid coating showed that SiO 2 particles dispersed in epoxy matrix homogeneously and the size of the particles was between 50nm and 100 nm. Thermoanalysis Instrument was employed to detect the thermal properties of epoxy coating and epoxy/SiO 2 hybrid coating, the results indicated that the thermal decomposition temperature of epoxy/SiO 2 hybrid coating is 21.7 o C higher than that of epoxy coating, the thermal properties of the epoxy/SiO 2 hybrid coating were improved because of the introduction of nano-SiO 2 .
INTRODUCTION
Organic/inorganic hybrid materials has been attracting much interest as coating materials because they combine the desirable properties of organic component (mechanical toughness and flexibility) and inorganic component (hardness and thermal stability). One of the widely used organic/inorganic hybrid coatings is an epoxy/SiO 2 hybrid system, since epoxy resins as organic matrix have excellent chemical resistance, mechanical properties and good adhesion to many substrates [1~5] . The sol-gel technique is a unique approach among the various methods used to produce organic/inorganic hybrid materials [6~10] .
The properties of each component, the content and size of the fillers, the nature of the interface, and so on largely affect the properties of organic/inorganic hybrid materials. It is well known that the load applying on the composites is mainly transferred to fillers via the interface. Therefore, strong interfaces between components are needed for obtaining excellent properties [11~14]. Kang S. et al [15] synthesized SiO 2 particles through sol-gel technique, then the surfaces of SiO 2 particles were modified by substituting silanol groups into other functional groups such as epoxide, amino and isocyanate groups. They investigated the effects of the surface modification of SiO 2 particles on composite properties, and stated that epoxide and amino groups on the surface of SiO 2 particles produce very strong interface between the matrix and the particles. Ochi M. et al [16] utilized gglycidoxypropyltrimethoxysilane and tetramethylorthosilate to make epoxy/silica hybrids, they investigated the thermal mechanical properties and the phase structure of the hybrids, they also stated these hybrids showed a very high adhesive bonding strength for silicone rubber. The research of Du Y. J. et al [17] indicated that various functional groups including amino, epoxy, vinyl and allyl groups can be incorporated into the sol-gel network to interact with organic polymer resins. They prepared organic/ inorganic hybrid coatings for aircraft aluminum alloy Letter substrates, the hybrid coatings showed enhanced mechanical properties such as harness and abrasion resistance.
In this paper, a novel approach was used to prepare epoxy/SiO 2 hybrid coating via sol-gel technique. The epoxy/SiO 2 hybrid coating was prepared with modified nano-SiO 2 precursor in which covalent bond was produced between epoxy resin and SiO 2 . The modification reaction was investigated by FT-IR spectrums. XPS, SEM were used to characterize the epoxy/SiO 2 hybrid coating. Thermal properties of epoxy coating and the epoxy/SiO 2 hybrid coating were investigated by Thermoanalysis Instrument. The other properties of the epoxy/SiO 2 hybrid coating will be studied in our later papers.
EXPERIMENTAL 2.1 Materials
Epoxy resin used in this study was the diglycidyl ether of bisphenol A (DGEBA, E-51), which was purchased from Wu-xi Resin Corporation, China, and was dried by vacuum oven before use. The modifier of epoxy resin, g-isocyanatopropyltriethoxysilane (KBE-9007) was purchased from Shin-Etsu Corporation, Japan. Tetraethoxysilane (TEOS) and other chemicals were obtained commercially and used as received.
Preparation of hybrid coating
First, solution A and solution B were prepared respectively. Solution A was nano-SiO 2 precursor solution, and solution B is composed of modified epoxy resin and tetrahydrofuran (THF).
The nano-SiO 2 precursor solution was synthesized as follows: TEOS, H 2 O and ethanol (EtOH) were mixed in the approximate molar ratio 1:4:15. This amount of water is the requirement for forming anhydrous silica according to the net reaction. A small quantity of NH 3 H 2 O was added to adjust the value of pH to 9. The mixture was stirred at 50 o C for 4 hours, then aged at room temperature to obtain the nano-SiO 2 precursor.
The modification of epoxy resin was made as follows: 2g g-isocyanatopropyl-triethoxysilane was added to 50g epoxy resin at 60 o C, and then stirred for 4 hours until the NCO group of gisocyanatopropyltriethoxysilane reacted with the OH group of epoxy resin completely. hours. The producing process of hybrid coating is shown in Fig. 1 . The fracture surface morphologies of the coatings were observed by SEM photographs. The apparatus used was HITACHI S-4700 and the specimens were pre-coated with a thin layer of gold to eliminate electron charging effect.
The thermal properties of the coatings were characterized by TGA and DTG , which were performed on ZRY-2P Thermoanalysis Instrument. The TGA and DTG measurements were performed at a heating rate of 20 o C/min under nitrogen. The temperature range for TGA and DTG measurements were from 0 to 750
hydrolyzation and condensation of nano-SiO 2 precursor solution, then the macromolecules of epoxy resin could be grafted on the surface of SiO 2 , and modified nano-SiO 2 precursor was produced. The reaction formulas are shown as Fig. 2. 
Analysis of FT-IR
The two curves (a and b) in Fig. 3 show the FT-IR spectrums of SiO 2 gel and modified SiO 2 gel, respectively. The characteristic bands of SiO 2 are shown in Fig. 3a, , this means that Si-C covalent bond has been formed between the epoxy resin and SiO 2 . In the experiments, the modified SiO 2 gel was extracted by acetone thoroughly before the test of FT-IR so that epoxy resin which did not participate in the sol-gel reaction was removed. Therefore the appearance of the characteristic bands of epoxy resin in FT-IR spectrum of modified SiO 2 gel confirms that macromolecules of epoxy resin were introduced on the surface of SiO 2 through covalent bond. Fig. 4 shows the XPS spectrums of epoxy coating and epoxy/SiO 2 hybrid coating, respectively. As shown in Fig. 4a , there are only two elements(C, O) on the surface of epoxy coating. In Fig. 4b , a distinct peak at the binding energy of 100 eV to 105 eV appears, and this is attributed to Si element on the surface of epoxy/SiO 2 hybrid coating. The function of Lorentzian-Gaussian was used to simulate the peak of Si element on the surface of epoxy/SiO 2 hybrid coating, the result is shown in Fig. 5 . Fig. 5 indicate that Si element on the surface of epoxy/SiO 2 hybrid coating are made into three component peaks. Component peak 1 at 103.4 eV is consistent with the 3. RESULTS AND DISCUSSION 3.1 Analysis of modification of nano-SiO 2 precursor The OH group of epoxy resin could react with the NCO group of g-isocyanatopropyltriethoxysilane so that the compound with ethoxyl might be grafted on epoxy resin, and modified epoxy resin was obtained. When the modified epoxy resin was added into the nano-SiO 2 precursor solution, the ethoxyl of the modified epoxy resin could participate in the binding energy of SiO 2 [18, 19] . Component peak 2 at 101.9 eV is attributed to the binding energy of Si-OH which can not dehydrated completely. Component peak 3 at 100.9 eV is owing to the binding energy of Si-C covalent bond. The above analyses mean that there are lots of SiO 2 particles, Si-OH and Si-C covalent bonds on the surface of epoxy/SiO 2 hybrid coating.
Analysis of XPS

Analysis of SEM
The SEM fracture surface images of epoxy coating and epoxy/SiO 2 hybrid coating are shown in Fig. 6a and Fig. 6b , respectively. The fracture surface morphology of epoxy coating is obviously singlephase structure, while epoxy/SiO 2 hybrid coating exhibits good double-phases structure. Fig. 6b indicates that the second phase particles appear in epoxy/SiO 2 hybrid coating, and they are dispersed in epoxy matrix homogeneously, the size of the particles is between 50 nm and 100 nm. According to the analyses of FT-IR, XPS and SEM, it is confirmed that most TEOS has changed into SiO 2 particles which disperse in epoxy matrix homogeneously with nanoscale, there is Si-C covalent bond which links the epoxy resin and SiO 2 . This illuminates that epoxy/SiO 2 hybrid coating is successfully prepared.
Analysis of thermal properties
The thermal properties of epoxy coating and epoxy/ SiO 2 hybrid coating were investigated, as shown in Fig. 7 and Fig. 8 , respectively. Fig. 7 shows that thermal decomposition of epoxy coating includes two steps, the first thermal decomposition step occurs at 374.4 o C, the temperature of the most rapid decomposition of the first decomposition step is 403.3 o C, the weight residue of epoxy coating is about 1.5 wt% above 700 o C. Fig. 8 shows that thermal decomposition of epoxy/SiO 2 hybrid coating also includes two steps, the first thermal decomposition step occurs at 396. hybrid coating is better than that of epoxy coating. It may be assumed that the thermal stability of organic materials can be improved by introducing inorganic components such as silica, on the basis of the fact that these materials have inherently good thermal stability.
CONCLUSIONS
(1) Modified epoxy resin which was produced by epoxy resin and g-isocyanatopropyltriethoxysilane participated in the sol-gel reaction so that macromolecules of epoxy resin were introduced on the surface of SiO 2 through covalent bonds.
(2) Epoxy/SiO 2 hybrid coating was successfully prepared by using modified epoxy resin via sol-gel technique. The analyses of FT-IR, XPS and SEM showed that SiO 2 particles dispersed in epoxy matrix homogeneously with nanascale in epoxy/SiO 2 hybrid coating and Si-C covalent bond was formed between the epoxy resin and SiO 2 .
(3) The analyses of TGA and DTG suggested that the thermal stability of epoxy/SiO 2 hybrid coating was better than that of epoxy coating because of the introduction of nano-SiO 2 , the thermal decomposition temperature was improved from 374.4 o C to 396.1 o C. GP G7
